The denitrifing Pseudomonas strain K172 was grown with a generation time of 6 h to a cell density of 0.4 g (dry weight) per Several pure cultures of denitrifying bacteria which can oxidize toluene completely to CO2 in the absence of molecular oxygen have recently been described (1, 4, 5a, 10, 12, 15) . The following experiments with the denitrifying Pseudomonas strain K172 have indicated that benzoate and benzoyl-coenzyme A (benzoyl-CoA) are intermediates in the degradation pathway of this organism. (i) Cells grown on toluene were simultaneously adapted to growth on benzyl alcohol, benzaldehyde, or benzoate but not on p-cresol and other hypothetical intermediates (1 and the initial substrate concentrations were 20 mM nitrate and 1 mM toluene. Then toluene was added again at a 1 mM concentration and continuously fed at a rate of 0.25 ml h-1.
Every 5 h, the pumping rate was increased, to 0.45, 0.7, 1.3, 2.5, 4.2, 6.5, and 10.5 ml h-1. At 52 h, both nitrate and nitrite were completely consumed. At this point, nitrate was added at a final concentration of 15 mM. Determination of growth, harvesting of the cells, and determination of the substrates were done as previously described (1) . Cell suspension experiments were performed by the method of Stanier (13), basically as described in reference 1. Samples (100 ,ul) and standard aqueous solutions of toluene and other compounds possibly involved in the first steps of the anaerobic toluene degradation pathway were separated by high-pressure liquid chromatography on a reversed-phase C18-LiChrosorb column (25 by 0.4 cm; Merck, Darmstadt, Germany). The flow rate was 1 ml min-'. The aromatic compounds were detected by a diode array detector at 245 nm and were quantitated. The following two solvent systems were used (retention times are in parentheses). For separation of toluene (23 min), benzyl alcohol (8.2 min), or benzaldehyde (6.4 min), solvent system I was 49% acetonitrile in water. Benzyl alcohol (7.8 min), benzaldehyde (12.7 min), benzoate (8.6 min),p-cresol (14.3 min), 4-hydroxybenzyl alcohol (4.8 min), 4-hydroxybenzaldehyde (15.5 min), and 4-hydroxybenzoate (5.8 min) were separated in solvent system II, consisting of 30% methanol in 50 mM potassium phosphate buffer (pH 4).
In the experiment in which toluene oxidation to benzyl alcohol was studied in cell suspension, 1 mM [U-14C]toluene (100 Bq pmol-1) (Amersham-Buchler, Braunschweig, Germany) was initially added. After 13 min of incubation, when 90% of the toluene was taken up, 1 mM iodoacetamide was added to inhibit further toluene degradation. At short intervals, 1-ml samples were taken and analyzed by high-pressure liquid chromatography. Fractions (1 ml) were collected, and "C was determined in each fraction. 14C was determined by liquid scintillation counting by using external standardization.
A. Improved anaerobic growth on toluene by continuous feeding. In the previous work, Pseudomonas strain K172 was grown in batch culture in a stainless steel tank to which toluene was discontinuously fed. The culture accumulated nitrite, which was reduced to N2 when nitrate was consumed. To improve growth, we fed toluene continuously, depending on the substrate requirement; nitrate was fed when nitrite was not detectable anymore (Fig. lA) . The culture grew over more than 2 decades exponentially with a generation time of 6 h and reached a cell density of about 0.4 g of dry cell weight per liter.
A carbon and electron balance was determined at the midpoint of growth, after 50 h, when nitrate and nitrite had been totall consumed. The culture had consumed 188 mmol of toluene and reduced 940 mmol of nitrate to nitrogen gas and cell nitrogen, respectively. The average composition of cell material was assumed to be C4H703N. Consumption of 188 mmol of toluene yields 5,013 redox equivalents. Reduction of 940 mmol of nitrate to molecular nitrogen or cell nitrogen required 5,000 redox equivalents. The balance shows that toluene was completely oxidized to CO2 or incorporated into cell mass.
This presents a fairly complete account of anaerobic growth on toluene, with nearly 100% recovery of carbon and electrons. It is believed that other toluene-degrading bacteria may grow similarly rapidly when this technique is applied. Simultaneous adaptation of thick cell suspensions and diauxic growth. Thick suspensions of cells (4 mg of dry cell mass per ml) which had been grown anaerobically on toluene, benzyl alcohol, benzaldehyde, or benzoate were tested for simultaneous adaptation to metabolism of 1 mM toluene, benzyl alcohol, benzaldehyde, and benzoate anaerobically ( Fig. 2A to D (1, 6) . Benzoyl-CoA is reduced to alicyclic compounds (6a, 9) and further converted, probably to three acetyl-CoA molecules plus CO2. It should be pointed out, however, that there may be more than one anaerobic toluene degradation pathway. Evidence has been presented for methanogenic enrichment conditions thatp-cresol is likely to be the first intermediate (7, 14 ; for p-cresol methylhydroxylase, see reference 8; for a different suggested toluene pathway, see reference 5).
